Aims. We compare and discuss abundances and trends in normal giants, mild barium, and barium stars, searching for differences and similarities between barium and mild barium stars that could help shed some light on the origin of these similar objects. Also, we search for nucleosynthetic effects possibly related to the s-process that were observed in the literature for elements like Cu in other types of s-process enriched stars. Methods. High signal to noise, high resolution spectra were obtained for a sample of normal, mild barium, and barium giants. Atmospheric parameters were determined from the Fe  and Fe  lines. Abundances for Na, Mg, Al, Si, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Sr, Y, Zr, Ba, La, Ce, Nd, Sm, Eu, and Gd, were determined from equivalent widths and model atmospheres in a differential analysis, with the red giant ǫ Vir as the standard star. Results. The different levels of s-process overabundances of barium and mild barium stars were earlier suggested to be related to the stellar metallicity. Contrary to this suggestion, we found in this work no evidence of barium and mild barium having a different range in metallicity. However, comparing the ratio of abundances of heavy to light s-process elements, we found some evidence that they do not share the same neutron exposure parameter. The exact mechanism controlling this difference is still not clear. As a by-product of this analysis we identify two normal red giants misclassified as mild barium stars. The relevance of this finding is discussed. Concerning the suggested nucleosynthetic effects possibly related to the s-process, for elements like Cu, Mn, V and Sc, we found no evidence for an anomalous behavior in any of the s-process enriched stars analyzed here. However, further work is still needed since a clear [Cu/Fe] 
Introduction
Barium stars are chemically peculiar G−K giants first identified by Bidelman & Keenan (1951) . These stars were found to have the Ba II 4554 Å resonance line, the CH G band and the Sr II 4077 Å and 4215 Å lines abnormally enhanced. Abundance analyses (Burbidge & Burbidge 1957; Warner 1965 ) confirmed that such features were due to real atmospheric overabundances of carbon and of the heavy s-process elements.
S-process nucleosynthesis itself is only expected in thermally pulsing asymptotic giant branch (AGB) stars. Two reactions are the main providers of neutrons, 22 Ne(α,n) 25 Mg and 13 C(α,n) 16 O. Although the 22 Ne reaction was earlier thought to be dominant, it was shown (Tomkin & Lambert 1979; Tomkin & Lambert 1983; Malaney 1987a ) that it produces results incompatible with the observations. Thus, the most important neutron source is now thought to be the 13 C reaction. The source of 13 C, however, is not well established. Recent works on s-process enrichment usually parameterize the amount of 13 C burnt during the s-process operation (Busso et al. 1995 Gallino et al. 1998) . Table 1 . Data of the sample stars. Visual magnitudes and spectral types are from the SIMBAD database. The effective temperatures (T eff ), log g, metallicities and barium abundances are from Zacs (1994) for all stars with the exception of HR 1016 (Pilachowski 1977) , HR 4932 (McWilliam 1990) , and HR 5058 (Luck & Bond 1991) . The colors (V−K) and (R−I) are from Hoffleit & Jaschek (1982) and Johnson (1966 nucleosynthesis and through successive third dredge-ups mixed this material to the atmosphere. This enriched material was then transferred onto the current barium star through mass loss mechanisms (Jorissen & Mayor 1992; Liang et al. 2000) . Thus, the overabundances are not intrinsic to the barium star but are important observational tests of the theories of nucleosynthesis, convection and mass loss in cool stars and the study of the chemical evolution of the Galaxy. Concerning the details of the s-process nucleosynthesis, there is some observational evidence pointing towards a possible preferential depletion of certain iron peak elements. Main sequence stars of the young Ursa Major moving group (UMaG hereafter), which are s-process enriched, show a Cu depletion with respect to Fe (Castro et al. 1999) . Other barium enriched objects show the same behavior (Pereira & Porto de Mello 1997 , Pereira et al. 1998 . Particularly, the abundance pattern of HR 6094 (Porto de Mello & da Silva 1997) , an UMaG member, suggests the depletion of Mn and Cu and that V and Sc could have been preserved with respect to Fe. Such results may represent important constraints to the neutron capture models in AGBs and deserve further investigation. This kind of data is still very scarce in the literature.
Detailed abundance analyses of barium (or mild barium) stars with modern high quality data are scarce in the literature (Boyarchuk et al. 2002; Liang et al. 2003; Antipova et al. 2004; Yushchenko et al. 2004; Allen & Barbuy 2006) . Most of the available analyses are based on data with lower S/N ratio (Pilachowski 1977 , Kovacs 1985 , Luck & Bond 1991 , Zacs 1994 . Thus, abundance errors in these works could possibly be blurring the small scale of the suggested nucleosynthetic effects.
In this work we derived atmospheric parameters and the detailed chemical composition of a sample containing eleven stars classified in the literature as barium or mild barium stars and three normal giants for comparison purposes. Abundances were obtained for the light elements Na, Mg, Al, Si, Ca; the iron peak elements Sc, Ti, V, Cr, Mn, Fe, Co, Ni; Cu, Zn (considered as transition elements between the iron peak and s-process elements); the s-process elements Sr, Y, Zr, Ba, La, Ce, Nd; and the r-process dominated elements Sm, Eu, Gd.
The abundances of the barium and mild barium stars are compared and the possible nucleosynthetic effects discussed. In addition, we discuss the relevance of the identification in this work of two normal giants previously misclassified as mild barium stars. Such a result shows the necessity of high quality analysis for this class of peculiar stars. The observations are described in Sect. 2, the stellar parameters in Sect. 3 and the abundances in Sect. 4. In Sect. 5 we discuss the results and the nucleosynthetic effects while conclusions are drawn in Sect. 6.
Observational data
High resolution CCD spectra were obtained using the FEROS (Kaufer et al. 1999 ) spectrograph at the ESO 1.52 m telescope at La Silla, Chile. FEROS is a fiber-fed echelle spectrograph that provides a full wavelength coverage of λλ3500−9200 over 39 orders at a resolving power of R = 48000. The detector used was an EEV CCD chip with 2048 x 4096 pixels and a pixel size of 15 µm. All spectra were reduced using the FEROS pipeline software. The spectra have a typical signal to noise ratio of S/N ≈ 500−600.
The sample stars were selected based on previous literature analyses. It was a concern to include stars with different overabundances, ranging from mild barium stars to barium stars with overabundances larger than 1.0 dex. It is important to span such a variety of barium stars in order to search for possible correlations among the observed overabundances and the atmospheric and evolutionary parameters. Table 1 presents the literature data on the selected objects. All the stars, with the exception of HR 1016 (Pilachowski 1977) and HR 5058 (Luck & Bond 1991) , were analyzed by Zacs (1994) who conducted a detailed analysis of a larger number of barium stars but used data with much lower S/N than ours.
We selected two normal giants, HR 440 and HR 1326, for comparison purposes, from the Bright Star Catalogue (Hoffleit & Jaschek 1982) . Judging by the color indices, their effective temperatures should be similar to those of the barium giants. The third normal star, HR 4932, is ǫ Vir, the same standard star used by Zacs (1994) and one of the most extensively studied giants in literature (Cayrel de Strobel et al. 2001) . We also adopted ǫ Vir as the standard star for a differential analysis.
The analysis was conducted using equivalent widths (EWs hereafter). The EWs were measured in previously normalized sections of the spectra. These sections were chosen to avoid spectral regions highly contaminated by telluric lines and to avoid the wings of very strong lines that lower the continuum level. The pseudo-continuum level was carefully determined by identifying regions apparently free of spectral lines with the help of a high resolution solar spectrum atlas (Kurucz et al. 1984) . The continuum level was fitted with a low order Legendre polynomial crossing these regions. The crowding of the lines on the bluest end of the spectra makes this task more challenging than in the red end of the spectra. Nevertheless, we were able to find satisfactory fittings as exemplified in Figs. 1 and 2 for HR 1016.
For most of the elements we only used lines with EWs smaller than 150 mÅ. In this case the EWs were determined by fitting Gaussian profiles to the observed ones with IRAF 1 . This EW value was determined to be the limit of saturation of the curve of growth. In this case the line growth is dominated by the Doppler broadening, which determines a Gaussian profile and leads to observed Gaussian profiles after convolution with the Gaussian instrumental broadening profile. The region of lin- ear growth can be inferred in a plot of line depth vs. EW. We have empirically estimated the saturation limit by plotting the line depth vs. EW for several lines of the same chemical species. This was first done for the Fe I lines in ǫ Vir, as shown in Figure  3 . A significant departure from a linear growth happens only for EWs larger than ≈ 150 mÅ. Similar plots were made for all stars and this same limit proved reliable in all cases.
Lines stronger than 150 mÅ were used only for elements with only a few lines available throughout the spectra, namely Na, Mg, Al, Cu, Zn, Sr, Y, Zr, Ba, La, Ce, and Nd. In this case the EWs were determined by fitting Voigt profiles to the observed ones. Slightly blended lines were measured using the deblending capabilities of IRAF. The EWs of all the measured lines are listed in the appendix (Tab. 8 and 9).
The plots of line depth vs. EW were also used to test the reliability of the measurements, along with plots of the full width half maximum (FWHM) vs. EW. For the latter we expect the FWHM values to be distributed near the expected value for the spectral resolving power, and to slowly increase with increasing EW due to its progressive departure from a purely Gaussian profile. Any line having, in any of these plots, a behavior differing from the general expected trend was excluded from the analysis. Fig. 3 . Line depth vs. EW for the Fe I lines of ǫ Vir. This plot was used to determine the EW, 150 mÅ, where saturation effects become important and a Gaussian profile is no longer the best approximation of the line profile. Fig. 4 . Plot of FWHM vs. EW for the lines of HR 5058 in the λλ4880-5165 spectral range. This plot was done for all stars and used along with the plot of line depth vs. EW to identify anomalous lines such as the NiI λ 4935 line seen in this plot. Lines departing from the expected trend were excluded from the analysis. Figure 4 shows an example of the FWHM vs. EW plot for the star HR 5058, where the NiI λ 4935 line is clearly seen to not be well-fitted by a Gaussian profile, this line then being excluded from the analysis of this star.
Atmospheric parameters

The differential analysis
We conducted a model atmosphere analysis using the NMARCS grid (Plez et al. 1992 , Edvardsson et al. 1993 ) originally developed by Gustafsson et al. (1975) and Bell et al. (1976) . The models assume a plane parallel geometry, local thermodynamic equilibrium (LTE) and radiative equilibrium. We conducted a differential analysis using ǫ Vir (HD 113226) as a standard star. ǫ Vir has a solar like abundance pattern and is the same standard star used in the analysis by Zacs (1994) .
Within a differential analysis a robust scale for comparison of stellar parameters is established for similar stars. As will be The solid line is a linear fit to the Fe I lines indicating that the excitation equilibrium was fulfilled. The ionization equilibrium was also obtained by setting the Fe I and Fe II abundances to be equal, determining the surface gravity. seen in the following discussion, our sample defines a rather small range in the atmospheric parameters space, a fact that fully supports our approach. In this sense, we can safely disregard uncertainties due to the choice of model atmospheres, convection, inhomogeneities and NLTE since we expect these effects to be similar among the sample stars.
The effective temperature (T eff ) for ǫ Vir was calculated using the colors (R−I) (Hoffleit & Jaschek 1982) and (V−K) (Johnson et al. 1966 ) with the metallicity independent relations by McWilliam (1990) , for (R−I) and (V−K), and by Blackwell & Lynas-Gray (1998) , for (V−K). A mean T eff was then calculated for the (V-K) index, using the two calibrations, and this value was averaged with the T eff given by the (R-I) index. The temperature thus obtained was T eff = 5082 K. In a differential analysis the exact values of the parameters are of much reduced importance, once the scales are homogeneous and internally consistent.
With the V T magnitude from Tycho (ESA 1997) and the bolometric correction from Landolt & Börnstein (1982) we calculated the luminosity of ǫ Vir, log (L/L ⊙ ) = 1.83. The star was then placed in the HR diagram with evolutionary tracks from Schaller et al. (1992) and . Assuming a solar metallicity a mass estimate was then interpolated, M = 2.80 M ⊙ . Finally, using the well known equation, log g = log g ⊙ + log (M/M ⊙ ) + 4 log (Tef/Tef ⊙ ) − log (L/L ⊙ ), we calculated its surface gravity, log g = 2.83.
The microturbulence velocity (ξ) was then determined spectroscopically, by requiring the abundance obtained from Fe I lines to have a null correlation with the EW. In this calculation we firstly adopted laboratory gf s for 18 Fe I lines given by Blackwell et al. (1995) and Holweger et al. (1995) . The microturbulence velocity thus obtained was ξ = 1.86 km/s.
By calculating the atmospheric parameters we determine a unique value for the metallicity. Using the above parameters a value of [Fe/H] = +0.12 ± 0.08 was found. Since this value is different from the one assumed to calculate the stellar mass, we recalculated the parameters by adopting this new value for the metallicity. The new parameters thus calculated are T eff = 5082 K, log g = 2.85 dex, ξ = 1.86 km/s, [Fe/H] = +0.12 ± 0.08, log(L/L ⊙ ) = 1.83 and M = 2.89 M ⊙ .
From the quoted uncertainties in the calibrations used to derive the T eff , we estimate its 1σ uncertainty to be 50K. The uncertainty in log g is estimated to be ± 0.13 dex. This value is obtained by the propagation of the uncertainties related to the quantities used in its calculation; ± 0.87 mas for π, ± 0.01 mag for the BC, ± 0.002 mag for V T , ± 50 K for T eff , ± 0.2 M ⊙ for the mass, and assuming negligible uncertainties in the solar parameters. Note that the mass uncertainty is only related to the error bars in log(L/L ⊙ ) and T eff , and does not take into account possible uncertainties inherent to the adopted tracks. Finally, the uncertainty in ξ is estimated to be ± 0.08 km/s, given by the uncertainty in the slope of the correlation of [Fe/H] against EW.
This set of parameters for ǫ Vir is in good agreement with those previously determined in the literature, as can be noted by comparison with the values listed in the catalogue by Cayrel de Strobel et al. (2001) . In particular we note the parameters obtained by McWilliam (1990) , and listed in Table 1 , T eff = 5060 K, log g = 2.97, [Fe/H] = +0.15, and ξ = 1.90 km/s.
Using the parameters we determined above and EWs from the spectrum of ǫ Vir, we derived a new set of g f s, for the whole set of lines employed in this work, by requiring its abundance pattern to be solar (where we adopt the solar abundances from Anders & Grevesse 1989) . The set of g f s thus calculated was used to derive the atmospheric parameters and abundances for the other stars. The g f s are listed in the appendix (Tab. 8 and 9) along with the EWs.
Atmospheric parameters for the sample stars
For the other sample stars, T eff was calculated by requiring a null correlation of the iron abundance as given by the Fe I lines with the excitation potential (χ), thus fulfilling the excitation equilibrium. The surface gravity is found by requiring both Fe I and Fe II lines to have the same mean abundance, thus fulfilling the ionization equilibrium. The microturbulence velocity is found by requiring the Fe I abundance to have a null correlation with the equivalent widths. By simultaneously constraining these parameters we also determine the metallicity, [Fe/H] . The parameters thus obtained are listed in Table 2 . It can be seen that the stars define a narrow range of T eff , log g and [Fe/H] .
Figures 5 and 6 show examples of the null correlation obtained between the iron abundance and the excitation potential or the EWs, respectively. In Fig. 5 we also show the Fe II lines to exemplify the ionization equilibrium. (K) ± 50 EW < 150 mÅ ± 3 mÅ log g (dex) ± 0.35 150 mÅ < EW < 400 mÅ ± 10 mÅ ξ (km/s) ± 0.06 EW > 400 mÅ ± 20 mÅ
Uncertainties of the atmospheric parameters
The uncertainties of the atmospheric parameters were calculated for a representative star, HR 2392, which has atmospheric parameters lying close to the center of the range defined by the whole sample. When determining the parameters, namely T eff and ξ, from the Fe I lines, we search for a linear fit where the angular coefficient is statistically null. The uncertainty of this coefficient sets the uncertainty of the T eff and ξ determinations. To find the 1σ uncertainty of these parameters we change their values, respectively, in the Fe I abundance vs. line excitation potential, and the Fe I abundance vs. EW diagrams, until the angular coefficients of the linear fit match their own uncertainty.
In order to find the 1σ uncertainty of the surface gravity a different approach is required. The mean Fe abundances as given from the Fe I lines and from the Fe II lines have, in general, different standard deviations. The gravity is then changed until the difference between the mean abundances from Fe I and Fe II equals the larger of the standard deviations. This change in the gravity is considered to be the 1σ uncertainty in log g. The uncertainties thus calculated are listed in Table 3 .
We also estimated the uncertainty of the measurements of the EWs using two stars with very similar atmospheric parameters, HR 649 and HR 1016. For the lines measured with Gaussian profiles, under the hypothesis that the two stars should have the same set of atmospheric parameters, and thus EWs, any difference on the EWs are due only to errors on the measurements. It is clear that such a hypothesis tends to overestimate the uncertainty since actual differences between the two sets of EWs are expected. However, the uncertainty thus calculated is only ± 3 mÅ, which emphasizes the quality of our data and the good internal consistency of the measurements.
For the stronger lines measured with Voigt profiles we adopted a different approach, clearly needed since most of these lines are due to s-process elements, and thus expected to have different intensities in the chosen stars. In this case, the uncertainty was estimated by fitting each line a few times, at each time slightly changing the limits in wavelength for the profile fitting, keeping control of the FWHM of the line Gaussian core. In this sense we can verify the robustness of the fitting routine and the sensibility of the measurements on the adopted wavelength limits in a statistically significant way. In this case the uncertainties found were ± 10m Å for 150 mÅ < EW < 400 mÅ and ± 20 mÅ for EW > 400 mÅ.
Abundances, masses and ages
The abundances were calculated based on the EWs and the g f s previously derived. For the elements Mg, Sc, V, Mn, Co and Cu we considered the hyperfine structure following Steffen (1985) . The abundances are listed in Table 4 . We discuss below the uncertainties of the abundances and then the abundance pattern of each star in comparison with previous analyses available in the literature. In the figures 7 to 9, the error bar on the abundances is always the larger value between the standard deviation of the [X/Fe] abundance ratios given by the stellar lines (listed in Table  4 ), and the theoretically calculated uncertainties for each element, based on the atmospheric parameter and EW uncertainties derived in section 4.1. These theoretical error calculations are listed in Table 5 .
Uncertainties of the abundances
The abundances are subject to uncertainties coming from the determination of the atmospheric parameters. In order to estimate these uncertainties we change each atmospheric parameter by its own error, keeping the other ones with the original adopted values, and recalculate the abundances. In this way we measure the effect of each parameter uncertainty in the abundances. We also estimated the uncertainty in the abundances coming from the er-7 rors in the measurement of the EWs. These effects are listed in Table 5 . The calculations were done, again, for the star HR 2392.
Assuming that the effects of the uncertainties of the parameters are independent, we can estimate a lower bound of the total uncertainty with Eq. 1. The total compounded uncertainty is also listed in Table 5 .
In general each error source affects the abundances by less than 0.1 dex, except for the uncertainty introduced by log g in the abundances derived from lines of singly ionized species. For this reason, the uncertainty of abundances derived solely from neutral species are usually smaller. The mean value of the theoretically estimated σ total is close to 0.12 dex, and does not exceed 0.20 dex.
However, the abundance uncertainties, as estimated by the dispersion of the mean of individual line abundances, of the stars with the largest excesses of s-process elements, sometimes appreciably surpass the values of Table 5 . This is the case of HR 2392, 5058 and 8204, with the elements Y, Zr, La and Ce having dispersions of the mean reaching ≈0.6 dex. This clearly reflects enhanced errors in measuring the very strong lines of these elements, leading us to the conclusion that at least for a few cases the abundance uncertainties given in Table 5 may be underestimated. The larger uncertainties in the abundances of these elements in these stars, notwithstanding, do not affect appreciably any of the conclusions of our analysis, specially the classification of these objects as mild or classical barium stars.
Abundances HR 440
HR 440 is one of the selected normal giants. Its metallicity is lower than solar, [Fe/H] = −0.34 dex. Its abundance pattern is shown in Fig. 7 . We note it to be almost solar, the only significant difference is a 2σ level deficiency for Na. We also note indications of small deficiencies of Mn, Y, Zr, Ba and Gd that are not significant within 2σ.
HR 649
HR 649 has a metallicity slightly lower than solar, [Fe/H] = −0.14 dex, and is considered in the literature to be a mild barium star. However, its abundance pattern, shown in Fig. 7 , is solar except for a 2σ-level deficiency of Mn.
In the catalogue by Lu (1991) it has an index Ba0.3. Barium stars are classified according to their level of overabundance in the range Ba0.1−5, in a scheme first proposed by Warner (1965) and further extended (Keenan & Pitts 1980) , where Ba5 indicates the largest overabundances. Stars with Ba index less than Ba2 are the so-called mild barium stars.
This star is a confirmed binary system with a white dwarf companion identified by Böhm-Vitense & Johnson (1985) . It is thus one of the stars thought to support the scenario to explain the origin of the abundances in barium and mild barium stars.
It was previously analyzed by Zacs (1994) , who found Y, Ba, and La to be overabundant and Zr and Nd to be normal. Except for Zr and Nd his results are based on fewer lines than ours. We also found Sr and Ce to be normal. Our results rely on higher S/N data and more sophisticated methods to measure equivalent widths than those of Zacs (1994). Thus we conclude HR 649 not to be a mild barium star but a normal giant.
HR 1016
HR 1016 also has a metallicity slightly lower than solar, [Fe/H] = −0.11 dex, and is also considered in the literature to be a mild barium star. It was first analyzed by Pilachowski (1977) who found small s-process enhancements for Y, Zr, and Ce, and normal abundances for Sr, Ba, La, Pr, and Nd. We found no record of a radial velocity variability or white dwarf companion in the literature. Our abundance pattern for this star is shown in Fig.  7 . We found no indication of anomalous abundances of any sprocess element. Its only peculiarities are deficiencies at the 2σ level of Na and Mn (as in HR 649), and probably of V. We thus conclude this to be a case similar to that of HR 649: a normal giant misclassified as a mild barium star.
HR 1326
HR 1326 is a supposedly normal giant included in the analysis. It has a solar metallicity and an almost solar abundance pattern, as shown in Fig. 7 . There is no chemical peculiarity except for an apparent deficiency of Na at a level higher than 2σ.
HR 2392
HR 2392 (Fig. 7) is a classical barium star with [Fe/H] = −0.09. It was classified as such by Bidelman & Keenan (1951) . According to Warner (1965) it has a Ba3 index. McClure (1983) found this star to have a variable radial velocity and an orbital period of 457.7 ± 2.7 days. However, the search for a white dwarf companion resulted in negative detection with IUE (Dominy & Lambert 1983) and an inconclusive detection with HST (Böhm-Vitense et al. 2000) The light elements all have solar levels except for Na, which is deficient. In agreement with Zacs (1994) we found this star to be overabundant in heavy elements, as shown in Fig. 7 . The sprocess elements have a mean overabundance of +1.2 dex. The r-process dominated elements Sm and Eu are also overabundant, whereas Gd shows a normal abundance.
HR 4608
HR 4608 (Fig. 7) is a mild barium star with [Fe/H] −0.35 dex In the catalogue by Lu (1991) it has a Ba1 index. McClure (1983) has found no indication for radial velocity variability, but Böhm-Vitense et al. (2000) detected UV-flux excesses that might indicate a white dwarf companion. Udry et al. (1998b) derived a minimum period of P > 4700 days for this system. The light elements show a solar pattern, except for a larger than 2σ deficiency of Na. The s-process elements show a mean overabundance of +0.6 dex. No r-process overabundance can be established with statistical significance.
HR 5058
HR 5058 (Fig. 8 ) is another classical barium star, first identified by Bidelman & Keenan (1951) . Its metallicity is [Fe/H] = −0.12, and Warner (1965) classified this star as Ba3. HR 5058 is a member of a binary system with a white dwarf companion identified by Böhm-Vitense et al. (2000) .
This star was previously analyzed by Luck & Bond (1991) . Our results are in good agreement with theirs. The s-process elements have a mean overabundance of +1.0 dex. The abundance pattern shows a surprising overabundance of Cu. We can not compare the abundance of Cu with previous results since ours seems to be the first Cu abundance determination for this star, therefore we caution that this intriguing result should await further confirmation. The r-process elements Sm and Gd show a statistically significant overabundance, ∼ 0.5 dex, whereas Gd seems to be normal, similarly to what was found for HR 2392.
HR 5802
HR 5802 is another mild barium star classified by Warner (1965) as Ba1.0. It has a solar metallicity. McClure (1983) argues this star to have a variable radial velocity. Its abundance pattern is shown in Fig. 8 where we note the light elements to follow a solar pattern except for a larger than 2σ deficiency of Na. In this star the lighter s-process elements (Sr, Y and Zr) have a marked overabundance, with a mean of +0.56 dex, while the heavier ones (Ba, La, Ce and Nd) seem to be only slightly overabundant although statistically they are normal. Zacs (1994) analyzed this star and found results that agree with ours within the uncertainties. There are only two exceptions, Zr for which he found solar abundance and Ba for which he found a larger excess.
HR 7321
HR 7321 is another example of a mild barium star with metallicity slightly lower than solar, [Fe/H] = −0.19 dex. Its abundance pattern is shown in Fig. 8 . In the catalogue of Lu (1991) it has a Ba0.5 index. Most elements follow a solar pattern except for the larger than 2σ deficiencies of Na and Mn. There is a good agreement between our abundances and those by Zacs (1994) , except for Zr which he founds to be underabundant. As for HR 5802 the heavier s-process elements are statistically normal while the lighter ones have only a slightly larger than 2σ enhancement with a mean value of +0.35 dex. 
HR 8115
HR 8115 (Fig. 8) is another example of a mild barium star and was classified as Ba1 by Lu (1991). Griffin & Keenan (1992) found the star to be a binary with a rather long period, 18 years. Dominy & Lambert (1983) found a UV flux excess that probably indicates a white dwarf companion. Its metallicity is solar. Up to the iron-peak, the only deviations from a solar abundance pattern are deficiencies of V and Mn at the 2σ level. As in HR 5802 and HR 7321, the heavier sprocess elements seem to be slightly enhanced but with low statistical significance. The lighter s-process elements, Sr, Y and Zr seem to be more clearly enhanced, particularly Sr. Abundances from Ba to Ce could be normal, and from Nd to Gd are solar. Our abundances are in relatively good agreement with the abundances derived by Pilachowski (1977) and Yushchenko et al. (2004) . We tentatively suggest this star to be a mild barium star.
HR 8204
HR 8204 (Fig. 8) is a classical barium star with [Fe/H] = −0.09 dex. It was first recognized by Bidelman & Keenan (1951) and was the first barium system where a UV flux excess was identified (Böhm-Vitense 1980) . It is classified by Warner (1965) as Ba2.
The light elements show a solar pattern, except by a larger than 2 σ underabundance of Na and an overabundance of Al. Sc is probably deficient, and all the s-process elements have overabundances larger than +1.0 dex, with Sr reaching +2.2 dex; the mean overabundance is +1.4 dex. This star was previously analyzed by Zacs (1994) and our results are in agreement with his within the uncertainties. The r-process elements Sm and Eu are not overabundant. 
HR 8878
HR 8878 (Fig. 8) is the most metal deficient star in our analysis, [Fe/H] = −0.67. Its abundance pattern is enriched in Ti, Mg and Al, while Na is deficient. Mn is also deficient at the 2σ level. These values are expected for normal metal deficient stars, except for Na, which should track Al (Edvardsson et al. 1993 , McWilliam 1997 . We found no s-process element to be overabundant, in contrast with Zacs (1994) , who found Ba to be enhanced, we found a deficiency of this element at the 2σ level, as expected for mildly metal poor stars. Our abundances classify this object as a normal metal poor giant star.
HD 205011
HD 205011 (Fig. 9) is another mild barium star analyzed by Zacs (1994) and classified by Lu (1991) as Ba2. Its metallicity is slightly lower than solar, [Fe/H] = −0.14 dex. McClure (1983) found the star to have a variable radial velocity. Our abundances are generally in good agreement with those by Zacs (1994) except for Zr which he found to be solar. Na, V and Mn seem to have a larger than 2σ deficiency. The s-process elements have 
Masses and ages
We also estimated the masses and ages of the sample stars by placing them in the HR diagram with isochrones and theoretical evolutionary tracks from the Geneva group (Charbonnel et al. 1993; and Schaller et al. 1992) . We made use of the previously derived T eff and calculated the luminosities as follows.
With parallaxes and visual magnitudes, V T , from the Hipparcos catalogue (ESA 1997) , and bolometric corrections from Landolt-Börnstein (1982), we calculated the absolute bolometric magnitudes. Thus, adopting the solar bolometric magnitude in the Tycho system, M Bol ⊙ = 4.81, we calculated the luminosities using log(
The magnitudes and luminosities with respective uncertainties are listed in Table 6 . Table 6 . Visual magnitude, V T , parallax, absolute magnitude M VT , bolometric correction BC, bolometric magnitudes and luminosities of the sample stars. The last column refers to the luminosity uncertainty due to error propagation of the involved quantities. Table 7 . Figure 10 shows the region of the HR diagram where the sample stars are located. We also estimated the "astrometric" log gs using the derived masses of the stars, as done for ǫ Vir in section 3.1. The log gs and its uncertainty, calculated in a straightforward way by the error propagation of the involved quantities, are also listed in Table  7 . The agreement between the ionization and astrometric values of log g is good within the uncertainties, except for HR 8204, which has a significantly lower spectroscopic log g. The barium and mild barium giants of our sample define together a narrow range in stellar mass, 1.9 to 4.2 M ⊙ , and age, 0.2 to 1.0 Gyr, indicating that they most probably share similar evolutionary stages.
Discussion
The mild barium stars
With the first few orbital parameters for barium stars, McClure et al. (1980) were able to confirm the binarity of most of the strong barium stars (Ba>2) they analyzed. Based on that it was possible to conclude that the strong barium stars were all probable members of binary systems.
The same conclusion, however, was not possible in the case of the mild barium stars. Most of the stars for which no radial velocity variability was found belonged to the mild barium class. A firm conclusion was not possible although they mostly seemed to be members of a binary system (McClure 1984) .
It was then suggested that mild barium stars could have wider separations between the components (Böhm-Vitense et al. 1984) , which would require observations spanning longer durations to detect their binary nature. Some mild barium stars were, however, found to be misclassified, as in Smith & Lambert (1987) . Naturally this leads to the question of how many misclassified objects there are in the mild barium star lists.
More recently, based on an extended sample of orbital elements (Udry et al. 1998a (Udry et al. , 1998b , Jorissen et al. (1998) were able to confirm the binary status for 34 among 40 mild barium stars. Thus it was shown that the frequency of detected binaries is compatible with all mild barium stars belonging to binary systems. However the frequency of detected binarity in strong barium stars is still larger, 35 out of 37. Jorissen et al. (1998) have also shown that mild barium stars are not restricted to long period systems. This argues against the suggestion that the non-detection of binarity in some mild barium systems is due solely to wider separations. In this work we found the stars HR 649 and HR 1016 not to be mild barium stars, in contrast to what was generally accepted in the literature. Moreover, since HR 649 seems to have a white dwarf companion (Böhm-Vitense & Johnson 1985) the very fact it exists shows that binarity is not a sufficient condition to form a barium system.
Particularly we note that many works on general characteristics of barium (and mild barium stars) such as kinematics (Gómez et al. 1997) or distribution along the HR diagram (Bergeat & Knapik 1997) adopted lists of stars that have never been targets of an abundance analysis based on high resolution spectra. Thus, many of the stars have only a tentative classification as mild barium. If a significant number of tentative mild barium stars are in fact misclassified, these studies may be suffering from important biases.
The results by Jorissen et al. (1998) indicate that a wider separation is not the parameter controlling the difference in the abundances between mild and strong barium stars. They argue that metallicity may be the main parameter. Thus, the increasing level of overabundances seen in mild barium, strong barium and population II CH-stars would correspond to a sequence of older, and thus more metal-poor, populations. A discussion of this suggestion is presented below but we can state in advance that barium and mild barium stars do not seem to have different metallicities.
Thus, there are still important open questions on the nature of the mild barium systems. Moreover, there seems to be no work in the literature on confirming the abundance peculiarities of a large sample of mild barium stars. We are currently analyzing a large sample of southern, tentative mild barium systems in order to derive their barium abundances, their metallicities and atmospheric parameters. These results and a discussion on this subject will be presented in a forthcoming paper.
What differentiates barium and mild barium stars?
The s-process nucleosynthesis has long being recognized to be a complex process. In order to explain the observations it was divided into three components, the main, strong and weak components. The weak component is thought to occur during He burning in massive stars and to be responsible for isotopes from Fe to Sr. The main and strong components are thought to occur in AGB stars (Busso et al. 1999) . The strong component is needed to build 208 Pb, which has been shown to happen in metal-poor AGBs . The main component, in low mass AGBs, is necessary to build s-elements from Sr to Pb.
In low mass AGBs the neutrons flux seems to be mostly due to the 13 C(α,n) 16 O reaction in a radiative layer during the interval between thermal pulses. A marginal activation of the 22 Ne(α,n) 25 Mg reaction in convective conditions during the thermal pulses may also occur .
Barium (and mild barium) stars are thought to be the result of mass transfer from s-process enriched AGB stars. Thus their overabundances should follow the general pattern expected for AGBs, as was shown elsewhere (Busso et al. 1995; . Following these results, we will here compare and discuss the observed patterns in barium and mild barium stars, in order to highlight some differences and similarities between these groups of stars.
Following Luck & Bond (1991) , the [hs/ls] ratio has been widely used as an indicator of s-process efficiency.
[hs] stands for the mean abundance of the "heavy" s-process elements of the Ba peak, and [ls] is the same for the "light" s-process elements of the Zr peak. These nuclei have neutron magic numbers and thus have a low cross section against further neutron captures.
Various [hs] . We calculated this ratio for our stars and also for stars analyzed in the literature with high resolution, high signal to noise spectra (Boyarchuk et al. 2002; Liang et al. 2003; Antipova et al. 2004 ) whenever abundances for the same elements were available.
This ratio has been shown to be a (complex) function of the neutron exposure ). In the restricted metallicity range we are considering here a direct correlation between [hs/ls] and the neutron exposure is not possible , since the several theoretical tracks overlap. It is however interesting to note that there is a general trend for the mild barium stars to fall below the barium stars of same metallicity.
Although the scatter seems to be large, the standard deviation from a linear fit (using only barium and mild barium stars) is σ = 0.20, a value that can be fully ascribed to observational An important fact that appears in Fig. 11 and is clearer in Fig.  12 is that there seems to be no significant difference in iron abundance between mild barium and barium stars. The two groups have also the same metallicity range of the normal disk giants considered here. The only separation occurs in barium abundance as anticipated by the labels, normal, mild barium and barium giants. Thus, at least with respect of metal content, barium and mild barium stars seem to be members of the same stellar population.
At lower metallicities higher overabundances of s-process elements can be achieved ). This happens because for a given neutron flux the neutron exposure increases with decreasing number of iron group seed nuclei. In addition, in a lower metallicity environment the abundance of the neutron poisons, nuclei that do not take part in the s-process branches but also capture neutrons, is also smaller. Thus it has been argued that barium stars could be members of a more metal-poor population than mild barium stars. The data presented here ( Fig.  11 and Fig 12) do not support that suggestion.
Having discarded the hypothesis of a more metal rich origin for mild barium stars and that they are not restricted to longperiod systems (Jorissen et al. 1998) , other scenarios for their formation should be found.
The essence behind the proposition of different metallicities to explain the difference in overabundances lies in the different neutron exposure that the materials would have been subjected to. Even though we discarded this difference in the metallicities, there could be another mechanism affecting the neutron exposure, so that the material in mild barium stars could still be the result of a smaller neutron exposure.
For a given metallicity, a lower neutron exposure should favor the production of nuclei in the Zr peak. Increasing the neutron exposures should favor the formation of the Ba peak nuclei. This means that, for a given metallicity, the ratio of the Ba peak to the Zr peak abundances ([Ba/Zr] or [hs/ls]) should increase with increasing neutron exposure and hence with increasing Ba peak abundances. One has to note, however, that for a given neu- tron exposure a decreasing metallicity would produce the same effect. Thus, we search for any significant sign of this possible effect in Figs. 13 A large scatter can be seen in both plots ( Fig. 13 and increasing excess of the corresponding heavy s-process element could be discerned with any statistical significance.
The number of points in Fig. 14 However, we still have to be very careful in drawing a conclusion. The position of HR 8204 seems to indicate that it is possible to produce a barium star with a [hs/ls] as low as that observed in some mild barium giants. Moreover, the mild barium star with the highest [Ba/Zr] in Fig. 13 is not included in Fig. 14 , due to the lack of the abundances of the necessary elements, and therefore we cannot be sure there are not mild barium stars with [hs/ls] ratios as high as the peak observed for the barium giants. The addition of more points like those could blur the weak correlation seen in Fig. 14 . Thus, although we have indications that the material in barium stars was subject to a higher neutron exposure, a firm conclusion should await an increase in the sample.
In the case mild barium and barium stars do share the same range in neutron exposure their differences should be related to yet another factor other than either neutron exposure, metallicity or larger orbital period. The difference could, for example, be connected to the mass range of the progenitors, and the associated nucleosynthetic processes, and their ability to mix s-process enriched material to the surface during the third dredge-up. It could also be related to the convective mixing of the barium stars themselves during the RGB, the first dredge-up, acting to dilute the overabundances.
We do not have 12 C/ 13 C or C and N abundances for the sample stars, hence we cannot discuss their evolutionary status in detail. However, in Fig. 10 we see that both barium and mild barium stars of our sample seem to share the same region in the HR diagram and to have similar masses. A great difference in the convective mixing efficiency in this restricted range of stellar masses is not expected (Schaller et al. 1992) . We cannot discard the possibility that the origin of the differences lie in a complex combination of all these phenomena, mixing, mass loss, and neutron exposure with some role played by metallicity dependence or orbital separation.
A straightforward conclusion on the origin of the different overabundances in barium and mild barium is not yet possible. We discarded the hypothesis of different metallicities, at least in the range of parameters defined by our sample, but we also showed that there seems to be a difference in the neutron exposure range. Further observational work on extending the sample of barium and mild barium stars with detailed abundance analysis is necessary as well as additional theoretical work on formation scenarios for these systems.
Copper in s-process enhanced stars
The nucleosynthetic sites of Cu production are still poorly known. Sneden et al. (1991) derived Cu abundances for a large sample of field and globular cluster stars and suggested that Cu was mainly produced by the weak component of the s-process in massive stars, with only a small contribution of type I supernovae and of the main component of the s-process in intermediate mass stars. Bisterzo et al. (2004) discuss a collection of Cu abundances from the literature of a variety of systems, field stars (from halo, thick and thin disk), bulge-like stars, globular cluster stars and stars from dwarf spheroidal galaxies. They conclude that the Cu behavior can be explained as the result of an efficient weak s-process in massive stars. McWiliam & Smecker-Hane (2005) show that this conclusion is consistent with the Cu abundances in the Sagittarius dwarf spheroidal and the chemical evolution scenario earlier proposed to explain the Mn abundances of this system (McWilliam et al. 2003) .
On the other hand, Matteucci et al. (1993) argue that a long lived process, such as type Ia supernovae, is necessary to bring the observations and theory of the Galactic chemical evolution of Cu into agreement. Mishenina et al. (2002) , by means of an abundance analysis of a large sample of metalpoor halo and thick disc stars, also conclude that the non-linear trend of [Cu/Fe] with [Fe/H] is best explained if the bulk of Cu comes from explosive nucleosynthesis in type Ia supernovae. Abundances of Cu in ω Cen (Cunha et al. 2002) and other globular clusters (Simmerer et al. 2003 ) also seem to indicate that Cu is mainly produced by type Ia supernovae.
Further investigation, both on theoretical yields and on the observational behavior of Cu in a variety of systems, is still needed in order to understand the nucleosynthetic origin of Cu. In addition to this discussion, Castro et al. (1999) derived Cu and Ba abundances for a sample of barium enhanced dwarfs from the UMaG (Soderblom & Mayor 1993) and found the existence of an anticorrelation between [Cu/Fe] and [Ba/Fe] . This anticorrelation is reinforced by the Cu deficiency observed in two yellow symbiotic stars that are s-process enhanced (Pereira & Porto de Mello 1997; Pereira et al. 1998) . This is a possible indication that besides being built by the s-process, Cu could also be a seed to the production of heavier elements. Its depletion in s-process enriched stars could be a sign of preferential use as seed. One of the goals of this work was to verify whether this anticorrelation is also present in barium stars. mal disk stars also from Castro et al. (1999) . Barium and mild barium stars, however, do not follow the anticorrelation. On the contrary, they seem to follow the plateau defined by the normal disk stars. This result argues that the observed depletion is not a common fact that extends to all s-process enhanced stars. We note however that the origin of this anticorrelation is still not clear and deserves further investigation.
The analysis of HR 6094, a s-process enhanced UMaG member (Porto de Mello & da Silva 1997) also suggests a depletion of Mn and excess of V and Sc. Neither of these effects is seen in the stars we analyzed or in the data of the barium and mild barium stars we collected from the literature. We show in figures 
Conclusions
We carried out a detailed analysis of a sample of eleven barium and mild barium stars and three normal giants using high resolution, high signal to noise spectra. We determined atmospheric parameters, ages, masses and abundances for twenty-five elements; Na, Mg, Al, Si, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Sr, Y, Zr, Ba, La, Ce, Nd, Sm, Eu and Gd.
We found the stars HR 649 and HR 1016 to be normal red giants, not mild barium stars, in contrast to what was generally accepted in the literature. Since there are other cases in the literature of mild barium stars found to be misclassified (Smith & Lambert 1987) we suggest that a verification of the peculiar status of a large sample of tentative mild barium stars is very much needed. With this aim we are currently analyzing a large sample of mild barium stars, and the results will be presented in a forthcoming paper.
The abundances of barium and mild barium stars were compared and we found that there seems to be no difference in iron abundance between them. The two groups seem have the same metallicity range of normal disk giants and thus barium and mild barium stars seem to be members of the same stellar population.
We found some indications that the material transferred onto barium stars could have been subjected to a higher neutron exposure than that accreted by the mild barium stars. More work, however, is needed to confirm this result. The reasons for this difference are not yet clear. Metallicity does not seem to be an issue, but possibly higher neutron exposures are associated with higher excesses of the heavier s-process elements. Parameters which might be involved are the mass range of the former primaries of these systems, or differences in the mixing processes of the barium stars themselves.
A possible anticorrelation between [Cu/Fe] and [Ba/Fe] seen in some s-process enriched stars (Castro et al. 1999) was not identified in the barium or mild barium stars of our sample. These seem to follow the plateau defined by the normal disk stars. This result argues that the observed depletion of Cu in some barium enhanced stars is not a common feature that extends to all s-process enhanced stars. The origin of the anticorrelation deserves further investigation. Possible similar effects for Sc, V and Mn were not identified either in the barium and mild barium stars of our sample.
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